Acousto-optic deflectors are photonic devices that are used for scanning high-power laser beams in advanced microprocessing applications such as marking and direct writing. The operation of conventional deflectors mostly relies on one-dimensional sinusoidal variation of the refractive index in an acousto-optic medium. Sometimes static phased array transducers, such as step configuration or planar configuration transducer architecture, are used to tilt the index modulation planes for achieving higher performance and higher resolution than a single transducer AO device. However, the index can be modulated in two dimensions, and the modulation plane can be tilted arbitrarily by creating dynamic phase gratings in the medium using phased array transducers. This type of dynamic two-dimensional acousto-optic deflector can provide better performance using, for example, a large deflection angle and high diffraction efficiency. This paper utilizes an ultrasonic beam steering approach to study the two-dimensional strain-induced index modulation due to the photoelastic effect. The modulation is numerically simulated, and the effects of various parameters, such as the operating radiofrequency of the transducers, the ultrasonic beam steering angle, and different combinations of pressure on each element of the transducer array, are demonstrated.
INTRODUCTION
The scanning or deflection of light with high performance and broad frequency bandwidth is applied in a number of applications, including light modulators, optical beam deflectors, optical signal processors, optical tunable filters [1, 2] , radiofrequency (RF) spectrum analyzers [3] , wavelength division multiplexing optical communication [4] [5] [6] , optical tweezers for molecule trapping [7] [8] [9] , optical image scanners [10] [11] [12] , optical fringe pattern projectors [13] [14] [15] , and optical frequency shifters [16, 17] . Acousto-optic deflectors (AODs) involve interactions between lasers and acoustic waves, and the deflectors generally operate in three different modes: random access, continuous mode, and multi-frequency modes [18] . The performance of the AODs is characterized by the angular resolution for deflecting the laser beam, the acoustic frequency bandwidth for modulating the phase grating in the AOD medium, the diffraction efficiency to maximize the laser power in the first order diffracted laser beam, and the access time to minimize the time for the deflector to steer the beam from one position to another one. The access time, which is the ratio of the laser beam diameter to the acoustic velocity, represents the necessary time for the acoustic wave to propagate through the laser beam.
Therefore, the operation of AODs using ultrasonic longitudinal or shear waves impacts the performance of the deflector. The longitudinal waves (L-waves) successively compress and stretch the distance between the atomic planes of the AOD material in the direction of the ultrasonic wave propagation, which is similar to the compression and rarefaction phenomena caused by sound waves in air. The shear waves (S-waves), on the other hand, vibrate the atoms at right angles to the direction of the ultrasonic wave propagation. Since the velocity of L-waves is generally much higher than that of the S-waves, the L-waves allow shorter access time and, consequently, make the deflectors faster than the S-wave mode of operation. The lower velocity of S-waves, however, yields a larger deflection angle than in the case of L-waves.
The diffraction efficiency and the deflection scan angle are governed by the elasto-optic or photoelastic effect, which states that mechanical stresses modify the refractive index. This effect arises when acoustic waves propagate through a medium since an acoustic wave is a traveling strain or pressure disturbance in the material. Acoustic waves, therefore, can be considered as time-varying deformations of atomic planes in the acoustooptic medium with displaced particles from their equilibrium positions. This mechanical effect of acoustic waves modifies the refractive index of the medium in a periodic pattern and produces a dynamic volume phase grating for the laser light passing through the medium. The displacement of the particles can be determined by solving the Christoffel equation that involves the tensor constitutive relation of the material properties [18] . Nakahata and Kono [19] simplified this equation to express the diffraction of acoustic waves as a modified Rayleigh-Sommerfeld integral (mRSI) for the particle displacement vector field, and evaluated the integral numerically to analyze ultrasonic beam steering by phased array transducers. The applications of the phased array technology for beam steering include non-destructive testing of material defects, radar, underwater acoustics, medical diagnostics, and therapeutic treatment. Wang et al. [20] evaluated the mRSI analytically for transducers of small widths to obtain the displacement vector field that compares well with the numerical solution of the integral [19] . The analytic expression of the integral is used in this study to determine the strain induced in the acousto-optic medium by phased array piezoelectric transducers, and then the two-dimensional variation of the refractive index is calculated using the strain tensor. In this study, a row of transducers is attached to the AOD medium at the surface z 0 as shown in Fig. 1 . The width and length of each transducer are 2a and infinite along the x and y axes, respectively. For each transducer, if P 0 is the pressure exerted on the AOD, c l is the speed of L-waves in the AOD, and κ and α are the wave number and attenuation coefficients of the waves, respectively, the displacement vector of the atoms in the AOD medium can be written as follows for the unit length of the medium along the y axis [20] :
where Q is the point of focus at a distance F 0 from the point O, and R 0 m is the distance CQ [19, 21] is given by the following expression:
Here θx m is the angular position of the point of interest Px; z in the AOD medium relative to the normal to the surface of the mth transducer at an arbitrary point B (x m , 0); i.e., θx m is the angle between this normal and the line BP, and c is the ratio of the speeds of ultrasonic L-waves to the S-waves. x andẑ are the unit vectors along the x and z axes, respectively. F and Λ are the frequency and wavelength in the AOD medium for the ultrasonic waves generated by each transducer, and θ s is the steering angle, which is taken to be positive when measured from the z axis in the clockwise direction.
Equations (1) and (2) yield the displacement vector U x; z u x x; zx u z x; zŷ, where u x x; z and u z x; z Research Article are the displacement components in the x and z directions, respectively. Using these components, the deformation inside the AOD medium can be characterized by the displacement gradient
, where the indices i, j 1, 2, 3 are the coordinates x, y, z, respectively. The mechanical strains due to this deformation are represented by a second-rank strain tensor, S S ij , and each strain component is given by the following expression [18, 22] :
This strain changes the atomic density within the volume of acoustic wave propagation inside the AOD and, consequently, modifies the refractive index.
B. Two-Dimensional Refractive Index Due to Photoelastic Effect
Equation (7) is used to determine the refractive index based on the photoelastic effect. The refractive index is inversely related to the relative impermeability tensor, and this tensor depends on the strain tensor by the following expression [23] :
where η iju is the relative impermeability tensor of the unstrained medium, Δη ij S is the change in the relative impermeability tensor due to strain, and p ijkl represents the dimensionless photoelastic coefficient as a fourth-rank tensor.
Since the photoelastic tensor is symmetric in i and j, and in k and l , the indices can be contracted to simplify the double indices ij and kl to single indices g and h, respectively, as follows:
where each of i; j; k; l 1; 2; 3 and each of g; h 1; 2; 3; 4; 5; 6. Therefore, Eq. (7) 
The variation of refractive index at different points in the presence of a strain field is given by an index ellipsoid:
where X , Y , and Z are not the usual Cartesian coordinates but dimensionless electric displacement components in the x, y,
p , and
with D x , D y , and D z as the x, y, and z components, respectively, of the electric displacement field D corresponding to the electric field (E ) of the laser beam; ε 0 is the permittivity of vacuum; and the energy densityŨ
Since the photoelastic constants p ij are defined in the crystal coordinate system, the x, y, z coordinate system of this study is chosen to coincide with one of the commonly grown crystal growth axes for supporting the L-mode propagation; i.e., the x, y, and z axes are parallel to the [100], [010] , and [001] directions, respectively. Kastelik et al. [24] introduced a spreading parameter for the propagation of acoustic S-modes in TeO 2 and showed that this parameter is not unity for anisotropic media. In the present study, this parameter is taken as unity, which holds good for isotropic media.
To determine the variation of the refractive index in the principal directions, Eq. (11) can be written in its normal form by rotating the axes X , Y , and Z to the corresponding principal axes X 0 , Y 0 , and Z 0 at an angle that eliminates the cross terms. Applying the rotation
to Eq. (11), the following result is obtained: 
and Eq. (13) is transformed to the normal ellipsoid form by choosing θ so that the coefficient of the cross term X 0 Z 0 is zero, i.e.,
The resulting normal form of Eq. (13) yields the following expressions for the refractive indices in the principal directions X 0 , Y 0 , and Z 0 :
Single-crystal paratellurite (TeO 2 ) is generally used as an acousto-optic material because of its good photoelastic properties and transparency over a broad wavelength ranging from 0.35 to 5 μm [18, 25] . However, TeO 2 is an anisotropic acousto-optic material both optically and acoustically. For the wavelength 632.8 nm in vacuum and TeO 2 at room temperature, the ordinary and extraordinary refractive indices [24] are n o 2.26 and n e 2.41, respectively. The photoelastic coefficients for this material are reported as [26] (11) . To calculate the refractive index modulation Δnx; z, the strain in the AOD medium is calculated using Eq. (6), for which the atomic displacement vector, U x; z îu i ĵu j , is obtained using Eq. (1). The strain tensor S ij and the photoelastic coefficients of Eq. (16) were applied to Eq. (9) to determine different components of the impermeability tensor η 1 , η 2 ; …; η 6 , which were substituted into Eq. (15) to calculate. The refractive indices in the x and z directions, n X 0 and n Z 0 . Since the transducers are infinitely long in the y direction, the ultrasonic waves induce two-dimensional strains in the x-z plane. Consequently, two principal values of the refractive index, n X 0 and n Z 0 , in the principal directions X 0 and Z 0 , respectively, are different from the unstrained refractive index n u , and the third principal value, n Y 0 , is the same as n u . A mean value of the refractive index can be calculated as n s ffiffiffiffiffiffiffiffiffiffiffiffiffi n X 0 n Z 0 p for the strained AOD under the quasi-isotropic approximation, which generally holds good for weakly anisotropic media [27] . The twodimensional change in the refractive index compared to the unstrained AOD is determined as Δnx; z n s x; z − n u x; z.
RESULTS AND DISCUSSION
Results are obtained for TeO 2 as the AOD medium using the refractive index data at the He-Ne laser wavelength of 632.8 nm in vacuum. The speeds of ultrasonic L-waves and S-waves in this material are 4202 10 m∕s and 616 10 m∕s, respectively, for a piezoelectric transducer operating at 75 MHz [17] , which yields the acoustic wavelength Λ 56 μm and the acoustic wave number κ 1.12 × 10 5 m −1 inside the AOD medium. In this study, the attenuation coefficient of the ultrasonic wave is taken as α 0, and the distance for the point of focus is taken as F 0 10 6 mm to determine the phase shift or time delay using Eq. (5) for different values of the steering angle θ s . The half-width, a, and pitch of the transducers are 10.4 and 28 μm, respectively. The amplitude of the ultrasonic waves emitted by each transducer is taken to be P 0 1 N∕mm 2 for the following results unless stated otherwise.
The phased array transducer in this study is a row of 22 planar transducers with the central operating frequency of 75 MHz. The pitch of the array is S Λ∕2, and the width of each element is W 0.742S. The formation of grating lobes is avoided by choosing the difference of the time delay between two adjacent transducers as an integral multiple of half-wavelength, i.e., the pitch S Λ∕2. Figures 2 and 3 show the strain-induced two-dimensional index change in a rectangular region of 2 mm × 2 mm for the beam steering angles θ s 0°and 30°, respectively. These two angles correspond to the time delays Δτ 0 and 3.33 s, respectively. In Fig. 2 , the ultrasonic waves, which are emitted by each transducer, propagate vertically upward while spreading laterally due to diffraction. Consequently, the overlapping waves interfere to produce a composite wave field in the form of a diffraction pattern. This pattern, therefore, defines the strain field within which the refractive index is modified. The refractive index varies in the z and x directions due to longitudinal and lateral strains in the vertical and horizontal directions, respectively. For Fig. 3 , on the other hand, the time delay was so selected that the composite wave field is steered at a certain angle and, therefore, the refractive index pattern is also tilted. These results indicate that the index pattern can be oriented in different directions by varying Δτ to produce a dynamic phase grating in the AOD medium for deflecting laser beams at large angles.
The two-dimensional features of the index change, Δnx; z, are examined in Figs. 4 and 5 and represent the front and rear views of the index profile, respectively, when Research Article the acoustic beam steering angle θ s 0°and each transducer emits the acoustic waves as a rectangle function. Near the transducer plane, the composite acoustic wavefront assumes a rectangular diffraction pattern of peak intensity at the two edges of the rectangle and oscillating intensity of very small amplitude between the edges. This type of pattern is formed due to Gibbs' phenomenon in the Fourier series representation of rectangle functions. Due to this acoustic diffraction pattern, the refractive index has a rectangular profile near the transducer plane as shown in Fig. 4 .
However, the diffraction pattern assumes the Fresnel and Fraunhofer patterns slightly away and far away from the transducer plane, respectively, since the waves spread in the longitudinal and transverse directions. Consequently, the index profile also changes as indicated by the rear view of the index surface in Fig. 5 . One of the attractive features of phased array transducers is their capability of dynamic index modulation steering that does not require mechanical scanning.
The effects of transducers having different central RF frequencies, 59, 75, and 91 MHz, are presented in Figs. 6-8, respectively, for different steering angles. These results show the periodic variation, i.e., the amplitude and wavelength, of Δn along the beam steering axis z s . The steering angles do not affect the wavelength since it is determined by the central RF frequency. Based on the acoustic frequency and velocity, the wavelengths of the acoustic waves in the AOD medium are 71, 56, and 46 μm at F 59, 75, and 91 MHz, respectively, and the corresponding periodicities of the index modulation are found to be 71.4, 55.6, and 45.5 μm along the beam steering axis. This reduction in the periodicity of Δn is because the wavelength is inversely proportional to the frequency. At a fixed RF frequency, the steering angle does not affect the periodicity of the index modulation, but the amplitude decreases as the angle increases. The reductions in the amplitude due to the beam steering angle of 45°compared to the zero steering angle are 41% and 38% in the near and far fields, respectively. Figures 6-8 show that the refractive index modulation Δn increases as the RF frequency increases, which is because the wave number, κ, increases as the frequency increases. The mechanical displacement vector of the atoms, on the other hand, is affected by the wave number as indicated by Eqs. (1) and (2), and consequently the strain depends on the frequency. It is also known that Δn depends on the strain as indicated by Eq. (7). Therefore Δn varies with frequency through the strain term.
The effects of different pressures exerted on the AOD medium by the acoustic waves are studied in Figs. 9 and 10. For the results in both figures, the pressure exerted by each of the left-half 11 transducers, which lie on the −x axis, is P 0 1 N∕mm 2 . The pressures exerted by each of the right-half 11 transducers, which lie on the x axis, are P 0 0.1 N∕mm 2 and 10 N∕mm 2 for Figs. 9 and 10, respectively. Higher pressure would increase the amplitude of the acoustic waves, resulting in more strain in the AOD medium and, consequently, large modulation in the refractive index. This phenomenon can be observed in Figs. 9 and 10, which show that Δn is much higher in Fig. 10 due to higher right-half pressure than that in Fig. 9 .
Different acoustic pressures imply different amplitudes of the acoustic waves, and, therefore, the intensity distribution in the diffraction pattern of these waves can be manipulated using the pressure in addition to the phase of the waves. For example, two waves of π-phase shift but different amplitudes will not create null intensity in the diffraction pattern. Thus operating the transducers at different pressures provides an additional mechanism to control the quality of the phase grating; i.e., Δn can be varied sharply or diffusely by modifying the intensities in the constructive and destructive interference fringes of the pattern. The acoustic pressure, however, depends on the RF power, and the diffraction efficiency of AOD attains a maximum value at an optimal RF driving power. Therefore, excessive acoustic pressure can lower the diffraction efficiency even though Δn is large.
CONCLUSIONS
A mathematical model is presented for generating dynamic phase gratings in AOD media based on strain-induced modulation of two-dimensional refractive index. Phased array transducers enable acoustic beam steering at any arbitrary angle, and this steering effect is utilized to tilt the modulated index profile that can be implemented in AOD devices for deflecting laser beams at large angles. The shape of the index profile and the magnitude of the change in the index are significantly different near the transducer plane compared to far away regions. While the periodicity of the index modulation is determined by the central RF frequency of the transducers, the amplitude of the index modulation is found to decrease as the steering angle increases. The acoustic pressure affects the amplitude of the index profile significantly, yielding higher amplitudes at higher pressures. esearch Article
